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Evaporation-Induced Ordered Honeycomb Structures of Gold Nanoparticles

at the Air/Water Interface

Hongmin Ma and Jingcheng Hao*!*!

Abstract: The breath figure method
was used to prepare dodecanethiol-
capped gold nanoparticle macroporous
structures with pore diameters from 1.7
to 3.5 um on an air/water interface. A
two-step procedure is proposed for the
fabrication of these macroporous struc-
tures, by forming a surfactant monolay-
er on water, and drop-casting a gold
nanoparticle dispersion in chloroform
onto the surfactant monolayer. The

ferred from the water surface onto dif-
ferent substrates and were character-
ized by TEM, SEM, and AFM. Or-
dered honeycomb structures with dif-
ferent pore arrays (perforated mono-
layer films, hexagonal networks and
alveoli-like porous films) were ob-
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tained. The change in morphology is
concentration dependent, and de-
formed structures with elliptic honey-
comb networks are also observed. In
addition, honeycomb films using gold
nanoparticles stabilized by a weakly
bound ligand (dioctadecyldimethylam-
monium chloride) were formed by the
same technique. These films have po-
tential as substrates for surface-en-
hanced Raman spectroscopy.

self-assembled films are easily trans-

Introduction

Self-assembly of nanoparticles into ordered structures has
become an important approach to construct novel mesoscale
materials because of the unique size-dependent optical, elec-
tronic and magnetic properties of nanoparticles.!!! In the
past decade, many experiments have focused on the self-as-
sembly of ligand-stabilized nanoparticles into two- or three-
dimensional superlattices.”! In practice however, some appli-
cations such as sensors,®! photonic crystals® and spectro-
scopic analysis®! require complex macroporous ordered
structures to be effective. Colloidal crystals,[(‘] emulsions,!”!
and even bacteria® may be used as templates to form or-
dered macroporous materials. In most cases a templated
fabrication involves multiple steps, such as removal of the
template, which increases the complexity of the fabrication
process and may result in damage to the final structures.
Thus, the development of single-step, template-free process-
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es for macroporous-structure fabrication are of considerable
interest.

One important macroporous structure is a honeycomb-
patterned thin film with hexagonally ordered arrays of mac-
ropores. Fabrication of honeycomb films using condensed
water droplets as a dynamic template, the so-called “breath
figure” method, is well established for a variety of polymers.
Macroporous polymer films may generally be formed on
solid surfaces®!” but also may form on a fluid surface.!'!
Shimomura and co-workers have reported the fabrication of
honeycomb films of an amphiphilic copolymer at the air/
water interface.'”” Formation of nanoparticle-based ordered
honeycomb structures based on water droplet condensation
was also reported.* 351 Recent studies showed that the pro-
duction of breath figures is a fairly general method to con-
struct hierarchical architectures of nanoparticles.>'® Howev-
er, specially controlled conditions, such as high relative hu-
midity or moist airflow, are necessary for these preparation
methods. In addition, honeycomb films formed on solid sub-
strates cannot be easily transferred to other substrates for
different applications because nanoparticle-based films are
more fragile than polymer films.

Recently, we reported the formation of highly ordered
honeycomb films made of polyoxometalate-based, surfac-
tant-encapsulated clusters at an air/water interface.'”’ The
self-assembled thin films were easily transferred from the
surface of the water to a variety of solid substrates. This
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technique will promote the use of such mesoscale ordered
structures in different areas of application. In this work, we
propose a simple, low-cost, two-step process for the fabrica-
tion of gold nanoparticle-based macroporous structures
based on solvent evaporation. To the best of our knowledge,
this is the first report on the formation of ordered honey-
comb structures of ligand-stabilized gold nanoparticles at an
air/water interface. These metallic thin films with porous
morphologies may be useful as substrates for applications in
catalysis and surface-enhanced Raman spectroscopy.

Results and Discussion
The strategy for formation of thin films with ordered honey-

comb structures is illustrated in Figure 1. A surfactant mon-
olayer is formed on water surface by spreading a chloroform

evapora.tion condensed water droplet
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Figure 1. Illustration of the breath figure film formation at an air/water
interface.

solution of  dioctadecyldimethylammonium  chloride
(DODMAC) to ensure that the gold nanoparticle disper-
sions for film fabrication can form a stable liquid film on
water surface. After a gold nanoparticle dispersion is drop-
ped on the water surface, the rapid evaporation of the sol-
vent decreases the air/liquid interfacial temperature below
its dew point, resulting in the condensation of microscopic
water droplets on the surface of solution. The water droplets
self-assemble into ordered arrays under the effects of ther-
mocapillary forces and Marangoni convection."® Continued
evaporation casts the gold nanoparticles into structures
around the organized water droplets. When the solvent and
water droplets evaporate completely, an ordered film with
the imprint of the water droplets is formed. As the pore for-
mation relies on water droplet condensation during solvent
evaporation, previous researchers have supplied the droplets
using specially-controlled high
relative humidity chambers or
by passing a moist airflow
across samples fabricated on
solid substrates. In our strategy,
the high relative humidity at
the air/water interface provides
the necessary water vapor for
the condensation of water drop- 2um
lets to template the formation
of the porous structures.

Dodecanethiol-capped gold nanoparticles with an average
core diameter of 4.5 nm (Figure 2a) were used for the fabri-
cation of honeycomb structures. In contrast to previous re-

Figure 2. a) HRTEM image of the dodecanethiol-capped gold nanoparti-
cles. SEM images of the three domains in the fabricated honeycomb
films: b) a perforated monolayer film, c) a hexagonal network, and d) an
alveoli-like porous film. The concentrations of gold nanoparticle disper-
sion for film fabrication: 0.6 gL ™' (b and c), 0.8 gL' (d).

ports describing a single thin film structure formed on solid
substrates, three domains with distinct boundaries between
them and different morphologies were observed from the
margin to the center of the films cast on an air/water inter-
face. Figure 2b—d show representative SEM images of the
three different structures; we define these as a perforated
monolayer film (Figure2b), a hexagonal network (Fig-
ure 2¢), and an alveoli-like porous film (Figure 2d), respec-
tively. The morphological features of each structure are de-
scribed below.

The first morphology is exhibited as two-dimensional hex-
agonally ordered pore arrays which formed at the margin of
the film. A through-pore structure (with two open-ended
pores) can be observed from the TEM image of this perfo-
rated monolayer film domain (Figure 3a). From the en-
larged SEM image one can also observed that adjacent
pores are interconnected (Figure 3b). The two layers (top
and bottom) of the film can be easily discerned and are con-

Figure 3. a) TEM, b) SEM and c¢) AFM images of the perforated monolayer domain. The arrows in b) indicate
the pore diameter of the bottom (shorter) and top (longer) openings. The concentration of gold nanoparticle

dispersion for film fabrication is 0.6 gL "
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nected at the interstitial positions of adjacent pores. A shift
of the top layer with respect to the bottom layer can also be
observed from the TEM image. The diameter of the open-
ings at the bottom layer (average pore diameter 1.85 um) is
smaller than that of the upper openings which have an aver-
age diameter of 2.5 um (as the arrows indicate in Figure 3b).
Also because of the overlap of the two layers, the wall thick-
ness obtained from the TEM image (0.8 um) is larger than
that obtained from the SEM image (0.35 pym). The average
thickness of these perforated monolayer films obtained from
the AFM image (Figure 3c¢) is 430 nm.

The second type of domain observed in the film is a hex-
agonal network with large nodes in the interconnected skel-
eton. These domains were present in the middle region of
the fabricated film. The average pore diameter in these do-
mains is larger (3.5 um) than that of the perforated mono-
layer films (indicated by an arrow in Figure 2c¢); the wall
thickness in this domain is also smaller (0.3 um). The aver-
age height of the skeleton nodes obtained from AFM meas-
urements (as the markers indicate in the top view image of
Figure 4a) is 550 nm and is larger than that of the connected

Figure 4. a) AFM and b) HRTEM images of the hexagonal networks.
The inset in b) is the electron diffraction pattern of the network skeleton.
The concentration of gold nanoparticle dispersion for film fabrication is
0.6gL.

parts which correspond to the sides of the hexagons.
HRTEM studies confirm that the network skeletons are
composed of tightly packed gold nanoparticles (Figure 4b)
and the electron diffraction patterns (Figure 4b, inset) con-
firm the polycrystalline structures of the film.

The third type of domain is an alveoli-like porous struc-
ture formed in the central area of the fabricated thin film.
The alveolar pores can be seen clearly in the enlarged SEM
image (Figure 5a). The pore array on the surface of these
domains is less ordered and the average diameter of the
pore is smaller (1.7 pm). The AFM image (Figure 5b) illus-
trates that the pores on the surface are almost filled and the
average film thickness (643 nm) is much larger than the
other two domains.

Solute precipitated honeycomb structures were formed
owing to solvent evaporation. The air/water interface in the
present strategy for film fabrication is essential to generate
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Figure 5. a) SEM and b) AFM images of the alveoli-like porous film
domain. The concentration of gold nanoparticle dispersion for film fabri-
cation is 0.8 gL %,

the honeycomb structures with different morphologies. In
contrast, no porous structures were formed when casting on
solid substrates, for example, such as using glass slides under
the same conditions. Thus, the template effect of the stabi-
lized water droplets plays an important role in the formation
of ordered macroporous structures. Although the breath
figure method can be used to fabricate porous films based
on polymers or nanoparticles, there may not be a single,
generally applicable mechanism for the formation of self-as-
sembled array of condensed water droplets.

Korgel and co-workers have investigated the formation
mechanism of macroporous thin films using perfluorothiol-
stabilized gold nanoparticles cast from Freon.¥ They found
that the gold nanoparticles do not reduce the interfacial ten-
sion between the Freon and water but instead reduce the
Freon/water contact angle, suggesting that the nanoparticles
stabilize the water droplets through the Pickering emulsion
effect. Although dodecanethiol-capped gold nanoparticles
have increased surface hydrophobicity, they have been
shown to be effective in stabilizing condensed water droplets
to form porous structures.!'>!")

Another important influence on structure formation is the
solution concentration of gold nanoparticles. The change in
effective nanoparticle concentration during the evaporation
process can further account for the varied domain formation
in the prepared thin films. In general, samples with a lower
nanoparticle concentration result in a faster solvent evapo-
ration rate. A longer water condensation and evaporation
time in the middle region of the film gives rise to the hexag-
onal network domains with a larger pore diameter than is
the domain at the edge of the film. The smallest pore size is
obtained in the central area of the film, formed at the last
stage of evaporation. This is possibly due to the solution
reaching its saturation point rapidly, thus precipitating of
the gold nanoparticles. The rapid precipitation may be faster
than the condensation and self-assembly process of the
water droplets on the solvent surface. At each stage of the
evaporation process, the water droplets reach a self-limiting
size corresponding to the feature size of the domain.

Based on the discussion above, the morphological changes
in the evaporation process can be easily understood.
Figure 6 illustrates the structure formation mechanism for
each domain. When the radius of the water droplets is
smaller than the film height (Figure 6a), a perforated mono-
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Figure 6. Illustrations for the formation mechanism of the structures of
different domains: a) Perforated monolayer film domain, b) hexagonal
network domain, c) and the alveoli-like porous film domain. R, d, and A,
are the radius of the water droplet, the opening diameter of the pore,
and the film height, respectively.

layer domain with pores having two openings are formed.
With the formation of larger water droplets, the radius be-
comes larger than the film height (Figure 6b) and hexagonal
network domains are obtained. The rapid precipitation of
gold nanoparticles prevents the further coalescence of water
droplets, so small pore sizes are obtained for the alveoli-like
porous film domains (Figure 6¢). It has been shown that the
floating of water droplets on the surface of the solution is
important for the formation of ordered pore arrays. When a
solvent denser than water, such as carbon disulfide, is used,
only a single layer of pores is formed.'” In contrast, the
three-dimensional pore arrays (alveoli-like porous films)
were formed in the central area of the cast film (Figure 6¢),
although the casting solvent (chloroform in this case) is
denser than water. This phenomenon may be explained by
the submergence of water droplets into the organic solution
under the effect of Marangoni convection. Open pore struc-
tures (no bottom layer under the pores), also due to this
convection effect, were formed in the perforated monolayer
domains (Figure 6a) and hexagonal network domains (Fig-
ure 6b). Contact of gold nanoparticle-stabilized water drop-
lets must have occurred in the final stage of the film forma-
tion, as the pore arrays are interconnected (Figure 6a,b)
probably owing to the surface tension effect that opens up
the pore arrays when the separating wall is too thin. The
three-dimensional pore arrays are also interconnected (Fig-
ure 6¢) and can be understood by taking into account the
evaporation of water droplets.

As the domain morphology is dependent on the effective
local concentration in the evaporation process, the initial
concentration of gold nanoparticles should also influence
the morphologies of the fabricated thin films. Illustrate in
Figures 7-9 are the results ob-
tained from samples with vary-
ing initial concentrations of
nanoparticles. Figure 7 shows
the morphological changes of
perforated monolayer film do-
mains. When the concentration
of gold nanoparticle is low
(045gL™"), a larger pore size
was obtained; the structure ap-
pears to be weaker because
there is an obvious shift in parts
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Figure 7. TEM images of the perforated monolayer film cast from sam-
ples with different concentrations of gold nanoparticles: a)0.45 gL',
b) 0.6 gL, c) 0.8 gL!. The SEM image d) is taken from a region in c).

lﬂZDU‘O nm

600.0 nm

Figure 8. a) SEM, b) TEM and c) AFM images of the two-dimensional
networks with deformed pore arrays. The concentration of gold nanopar-
ticle dispersion for film fabrication is 0.45 gL™". The arrows in b) high-
light the walls with two different thicknesses.

of the top and bottom layers (Figure 7a). When the concen-
tration of gold nanoparticles is greater (0.6 gL ™), the pore
array is more ordered and the pore size is more uniform;
the layer shift is reduced because of the formation of stron-
ger structure between the top and bottom layers (Fig-
ure 7b). When the concentration of gold nanoparticle is fur-

Figure 9. SEM images of the alveoli-like porous films with different casting concentrations of gold nanoparti-
cles: a) 045 gL', b) 0.6 gL', c) 0.8 gL™".
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ther increased (0.8 gL™"), hierarchical structures similar to
previously reported pore-island architectures® were ob-
tained (Figure 7¢) and further illustrated by the SEM mea-
surement (Figure 7d). The appearance of nanoparticle is-
lands in the pores can be explained by the aggregation of
the nanoparticles on the top of water droplets to lower the
surface tension.’! When both the water and solvent evapo-
rate completely, the aggregates of the nanoparticles deposit
into the pores and islands are formed.

The morphological changes of hexagonal network do-
mains with varying initial concentrations of nanoparticles
are more complicated. In all prepared films, both uniform
hexagonal and deformed (distorted, stretched, and com-
pressed) polygons were observed in the hexagonal domain
(Figure 8a). The mobility of the film on the water surface
could be an important cause of the deformation of the hon-
eycomb film because motion of the film is inevitable owing
to the asymmetric dewetting process.””’ Of more interest,
some films exhibit elliptic pore arrays, some of which have a
high aspect ratio. From the TEM image of such arrays (Fig-
ure 8b) it can be seen that the wall thickness of the elliptic
pores in the long axis (0.35 wm) becomes larger than that of
the short axis (0.25 um) (arrows, Figure 8b). The deforma-
tion of the network can also be confirmed by the AFM
image of the elliptic networks that the two adjacent knots
have nearly coalesced into one knot and the pore arrays
have become rhombohedrally arranged (Figure 8c). Al-
though the morphology of these deformed structures is less
uniform, self-assembly on the water surface may represent a
new procedure to generate deformed structures rather than
using mechanical deformation methods.”"

Compared with the two domains discussed above, the
morphological change of the alveoli-like porous structures
in the centre area of the film is less significant with change
in initial nanoparticle concentration (Figure 9). The average
diameter of the pores slightly decreases and the pores
become less ordered as a function of increased initial nano-
particle concentration. This is possibly due to the faster pre-
cipitation of the gold nanoparticles at the higher concentra-
tion, which inhibits the growth and self-assembly of the
water droplets. Although both the morphological changes in
film domains and the films resulting from different initial
concentrations show a concentration dependent behavior,
there does not appear to be a general rule concerning the
relationship between the structure morphology and the
nanoparticle concentration. Possibly there is some balance
between the nanoparticle concentration and water droplets
condensation rate induced by solvent evaporation. Indeed,
one can anticipate that the formation of ordered macropo-
rous breath figure structures is the result of the fine balance
among many factors including solution concentration, hu-
midity, and temperature.

To further examine the effectiveness of this strategy to
generate porous structures at the air/water interface,
DODMAC stabilized gold nanoparticles with a larger aver-
age core diameter (12.5nm) were used as nanoparticle
building blocks (Figure 10a). Using the same procedure de-
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Figure 10. a) HRTEM image of DODMAC stabilized 12.5 nm gold nano-
particles. b, ¢) TEM and d) HRTEM images of the films formed by sol-
vent evaporation method. The inset in b) is the electron diffraction pat-
tern of the honeycomb films.

scribed above resulted only in honeycomb films with two-di-
mensional pore arrays (Figure 10b), similar to the perforat-
ed monolayer film domains. From both the enlarged TEM
(Figure 10c) and HRTEM (Figure 10d) images, one can
easily discern that the wall of the film is composed of tightly
packed gold nanoparticles. Although no distinct domains
were observed in this fabricated film, it illustrates an addi-
tional example of using the evaporation method to fabricate
macroporous structures of gold nanoparticles at the air/
water interface.

Finally, it should be noted that although weakly bound
ligand stabilized gold nanoparticles are generally unstable
and form aggregates over several weeks in dispersion, the
porous films cast from DODMAC stabilized gold nanoparti-
cles are stable over several months. DODMAC stabilized
gold nanoparticles exhibit strong surface plasmon resonance
absorption, while the absorption band of dodecanethiol-
capped gold nanoparticles is dampened greatly due to their
small size and the strong metal-ligand interactions (see the
Supporting Information). The strong surface plasmon reso-
nance together with the ligand exchange properties® of the
weakly capped gold nanoparticles should promote the appli-
cation of these honeycomb structures in surface-enhanced
Raman spectroscopy, currently under investigation in this
laboratory.

Conclusions

Concentration dependent ordered honeycomb structures
were fabricated at the air/water interface using a solvent
evaporation method. Domains of two-dimensional (perfo-
rated monolayer films and hexagonal networks) and three-
dimensional pore arrays (alveoli-like porous films) were ob-
tained in single films owing to the change of the effective
nanoparticle concentration during the evaporation process.
The initial nanoparticle concentration of the dispersion also
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influences the morphologies of each domain. The prepared
gold nanoparticle-based macroporous thin films are easily
transferred onto different substrates for various applications.
For instance, two-dimensional honeycomb networks may be
used as soft lithography templates to create patterned mate-
rials. Formation of such porous structures at the air/water in-
terface is not confined to gold nanoparticles and the method
has been successfully extended to other nanocrystalline
starting materials. In addition to the simplicity of fabrica-
tion, the proposed procedure may be easily combined with
other techniques to generate structures with specific proper-
ties.

Experimental Section

Chemicals: Tetraoctylammonium bromide (TOAB) and DODMAC were
purchased from Fluka. Hydrogen tetrachloroaurate trihydrate
(HAuCl,-3H,0), dodecanethiol and other chemicals were obtained from
Guoyao (Shanghai, China). All chemicals were used as received without
further purification.

Nanoparticle synthesis: Dodecanethiol-capped gold nanoparticles were
synthesized at room temperature using an established two-phase
method® without any size-selective process (Figure 2a). Specifically, an
aqueous solution of HAuCl,:3H,0O (0.2 mmol in 10 mL) was mixed with
a solution of TOAB in toluene (0.65 mmol in 20 mL). The two-phase
mixture was stirred vigorously for 30 min and the organic phase was col-
lected. Dodecanethiol (100 uL) was added to the organic phase, and a
freshly prepared aqueous solution of sodium borohydride (2.2 mmol in
25 mL H,0) was slowly added with vigorous stirring. The organic phase
changed from orange to dark brown within a few minutes. After being
stirred for 12 h, the organic phase was separated, evaporated to 5 mL in
a rotary evaporator and mixed with ethanol (100 mL) to remove excess
thiol. The mixture was centrifuged to collect the dark brown precipitate,
which was washed with ethanol five times and dried in a vacuum desicca-
tor. DODMAC:-stabilized gold nanoparticles were prepared in the same
method except that DODMAC was used as both the phase transfer re-
agent and the capping ligand. The as-prepared gold nanoparticles capped
by either dodecanethiol or DODMAC were easily redispersed in chloro-
form for characterization or film formation.

Honeycomb film formation: Several drops of DODMAC solution in
chloroform were spread on the water surface (glass culture dish, 9 cm di-
ameter) at room temperature till the chloroform solution can not spread
but forms a lens-shaped liquid film. The gold nanoparticle dispersions in
chloroform (approximately 3 pL) were then deposited onto the surfactant
monolayer with a microsyringe. After several minutes, a thin opaque film
formed on water surface. The thin film was transferred onto silicon wafer
for AFM measurements or onto a copper grid for TEM and SEM meas-
urements.

Characterization: TEM images were obtained by using a JEOL JEM-
100CX II transmission electron microscope at an acceleration voltage of
100 kV. HRTEM images were obtained by using a JEOL JEM-2010 high-
resolution transmission electron microscope at an acceleration voltage of
200 kV. SEM images were obtained by using a JEOL JSM6700F field-
emission scanning electron microscope at 3.0 kV. AFM measurements
were made by using a Digital Instruments NanoScope III, operating in
tapping mode. Absorption spectra were acquired by using a Hitachi
U4100 spectrophotometer.
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